A total of 24 Colletotrichum isolates were isolated from diseased Japanese plum (Prunus salicina) fruits showing chlorotic regions with whitish-brown sunken necrotic lesions and phylogenetic relationships among the collected Colletotrichum isolates were determined. A subset of 11 isolates was chosen for further taxonomic study based on morphology and molecular characteristics identified using the internal transcribed spacer (ITS) and beta-tubulin (TUB2) genes. Isolates in the C. acutatum complex were analyzed using partial sequencing of five gene regions (ITS, GAPDH, ACT, TUB2, and CHS), and C. gloeosporioides sensu lato (s.l.) isolates were analyzed using seven gene regions (ITS, TUB2, GAPDH, ACT, CAL, CHS-1, and ApMat). Morphological assessments in combination with phylogenetic analysis delineated four species of Colletotrichum including C. gloeosporioides sensu stricto (s.s.), C. nymphaeae, C. foriniae, and C. siamense; these data identify Colletotrichum fioriniae and C. siamense two new species associated with plum anthracnose in South Korea. finally, the pathogenicity of these four species in the development of plum anthracnose in South Korea was confirmed by inoculations of plum fruit.
A recently developed multi-locus sequence analysis approach combined with morphological evaluation revealed that C. gloeosporioides sensu lato (s.l.) and C. acutatum s.l., each comprise a species complex 20, 21 . C. gloeosporioides s.s. is a strictly defined species ((Colletotrichum gloeosporioides (Penz.) Penz. & Sacc)) excluding other species within the C. gloeosporioides species complex, while C. gloeosporioides s.l. includes other Colletotrichum species of this complex 20 . In addition, the ApMat marker gene has been used to resolve and improve the systematic classification of Colletotrichum species complexes, such as C. gloeosporioides and C. siamense complexes [22] [23] [24] . The use of a five genes phylogenetic analyses along with morphological characters to identify C. nymphaeae as the causative agent of plum anthracnose revealed that Colletotrichum species associated with plum anthracnose in Korea may have a remarkable species diversity 9 .
Therefore, this study sought to investigate species diversity within Colletotrichum isolates related to plum anthracnose in Sangju, Korea based on combined morphological and multigene phylogenetic strategies, followed by a pathogenesis analysis of the different identified Colletotrichum species on plum fruit.
Results
Isolation and preliminary identification of Colletotrichum species. A total of 24 Colletotrichum isolates were isolated from Japanese plum fruits collected from different commercial orchards exhibiting anthracnose in Sangju, South Korea (Gyeongbuk Province). The Colletotrichum spp. were isolated and preliminarily identified based on colony and conidial morphology. Among the 24 isolates, 15 colonies were gray to white and produced subcylindrical to cylindrical conidia similar to that of C. gloeosporioides s.l. 20 . Colonies of the remaining nine isolates were pinkish in color and produced fusiform conidia, which is common of fungi in the C. acutatum species complex 21 . Colletotrichum isolates belonging to C. gloeosporioides s.l., (12 isolates) and C. acutatum s.l., (12 isolate) were first delineated using the combined ITS and TUB2 align sequence data set for phylogenetic analysis (Fig. 1 ). Six isolates of C. gloeosporioides s.l., (four from C. siamense clade and two from C. gloeosporioides s.s clade) and five isolates of C. acutatum s.l., (three from C. fioriniae clade and two from C. nymphaeae clade) identified based on ITS and TUB2 sequences data were selected for further phylogenetic analysis ( Fig. 1 ). phylogenetic analyses of the combined datasets. Colletotrichum gloeosporioides s.l. isolates were identified at the species level using a six-gene phylogenetic analysis ( Fig. 2 ). Thirty sequences were present in the combined aligned data matrix (ITS, TUB2, GAPDH, ACT, CAL, CHS-1), which included C. boninense (CBS 123755) as the outgroup and 1,566 characters, as well as gaps in the alignment. The C. gloeosporioides species complex phylogram showed that isolates of the plum clustered in two clades ( Fig. 2 ). Two isolates (KP1705 and KP1740) clustered with C. gloeosporioides s.s., ex-type isolate (IMI356878) with a high bootstrap support/posterior probability value (69%/1.00) and could be identified with confidence as C. gloeosporioides s.s. The remaining four isolates (KP1701, KP1702, KP1711 and KP1712) formed a sister clade with C. siamense ex-type isolates (ICMP I8578and ICMP I8642). The isolates KP1701, KP1702, KP1711 and KP1712 were further confirmed as C. siamense by phylogenetic analysis using ApMat sequences data (Appendix 1).
The phylogram in Fig. 3 shows the isolates identified in the C. acutatum species complex. The five-gene (ITS, TUB2, GAPDH, ACT, and CHS-1) phylogenetic analysis of C. acutatum s.l. contained 38 sequences, including the outgroup C. xanthorrhoeae (BRIP 45094). Three isolates (KP1706, KP1729, and KP1736) could be identified as C. fioriniae as it was in the same clade as C. fioriniae isolates CBS 23549 and CBS 125396 and showed robust posterior probability and bootstrap support values (1.00 and 100%) ( Fig. 3 ). Two isolates (KP1707, and KP1722) clustered with the C. nymphaeae ex-type isolate CBS 100065 (bootstrap support/posterior probability value 97%/1.00) and were identified as C. nymphaeae.
pairwise homoplasy index (pHi) test. The concept of Genealogical Concordance Phylogenetic Species
Recognition (GCPSR) was used to analyze phylogenetically related but ambiguous species. The pairwise homoplasy index (PHI) test found significant recombination between C. siamense and four closely related strains (KP1701, KP1702, KP1711 and KP1712) (Φw = <0.001), C. gloeosporioides s.s., and two closely related strains (KP1705and KP1740) (Φw = <0.003), C. nymphaeae and two closely related strains (KP1707 and KP1722) (Φw = <0.002), and C. fioriniae and three closely related strains (KP1706, KP1729, and KP1736) (Φw = <0.01) (Appendix 2). Description. Colonies on Difco potato dextrose agar (PDA) grew to 70-76 mm in diameter at a rate of 10.9 mm/ day after seven days at 28 °C in the dark. Colonies were creamy white with aerial mycelium, and there were yellowish white masses of conidial ooze. The colonies were pale yellow in reverse. Conidia were hyaline, aseptate, smooth, cylindrical, straight or slightly curved, slightly tapered toward the end, 17.8-24.2 × 5.0-7.3 μm, av ± S D = 19.8 ± 1.7 × 6.3 ± 0.60, L/W ratio = 3.0, n = 50. Appressoria globose to ellipsoid, without lobes, dark brown, unbranched, 6.8-12.20 × 6.7-10.3 μm, av ± SD 8.70 ± 1.20 × 8.21 ± 0.80 μm, L/W ratio = 1.1, n = 50 (Table 1 ; Fig. 4 ). Notes. Colletotrichum siamense has been identified as the causative agent of anthracnose of Malus pumila and Diospyros kaki in South Korea 17, 25 . Colletotrichum siamense is believed to have first infect coffee berries in Notes: Colletotrichum fioriniae has been reported as the causative agent of anthracnose on various host plants, including Lycium chinense and Solanum melongena in Korea 6, 14, 34 . In this study, C. fioriniae was isolated from Prunus salicina in the Sangju area, Korea. The isolates KP1706, KP1729 and KP1736 were identified based on multi-locus (ITS, TUB2, GAPDH, ACT, and CHS-1) phylogenetic analysis and morphological characteristics. Notes: KP1707 and KP1722 in our study were confidently identified as C. nymphaeae based on multi-locus (ITS, TUB2, GAPDH, ACT, and CHS-1) phylogenetic analysis. Colony color, conidia (shape), and appressoria (shape) is comparable with some Colletotrichum species with in the C. gloeosporioides and C. acutatum species complex 20, 21 . Colletotrichum nymphaeae separated clearly from other species based on multi -locus (ITS, TUB2, GAPDH, ACT, and CHS-1) molecular analysis, rather than morphological characteristics. C. nymphaeae was reported in our recent publication as the causative agent of plum anthracnose 9 . pathogenicity assay. The pathogenicity of the Colletotrichum isolates was evaluated on detached plum fruits for confirmation of Koch's postulates. All isolates of Colletotrichum showed anthracnose symptoms on plum fruit inoculated using the wounding approach, while only C. siamense, C. nymphaeae and C. fioriniae www.nature.com/scientificreports www.nature.com/scientificreports/ were capable of infecting non-wounded fruits as shown in Table 2 . The C. siamense isolates produced the largest lesions on wounded fruits. Colletotrichum siamense, C. nymphaeae and C. fioriniae showed less virulence on non-wounded fruits in term of both disease incidence and lesion size.
taxonomy. Colletotrichum siamense

Discussion
Anthracnose and other diseases caused by Colletotrichum spp. on the leaves, stems and fruits of numerous important crops have become increasingly common in South Korea. The disease of anthracnose has severely limited commercial production of various important fruit crops, such as apples, peaches, persimmons, grapes, and others across South Korea [12] [13] [14] 16, 17 . Anthracnose on fruits causes severe losses because of both pre and post-harvest fruit decay, which makes the fruits completely unmarketable. Very recently, Colletotrichum anthracnose has been reported in Japanese plums in Korea 3, 9 . In previous research, morphological and ITS sequence approaches has been used to identify Colletotrichum spp. responsible for anthracnose on Japanese plums 3 . Morphological characteristics along with ITS sequence analysis may be more beneficial for identifying isolates to species complex rather than specific species. In the present study, Colletotrichum species associated with plum anthracnose from Sangju, Korea were identified using a multilocus phylogenetic analysis approach followed by an evaluation of their pathogenicity. Four isolates were identified as C. siamense, two isolates as C. gloeosporioides s.s., three isolates as C. fioriniae and two isolates as C. nymphaeae.
Colletotrichum siamense is a member of C. gloeosporioides s.l. and is described here for the first time as responsible for plum anthracnose in Sangju, Korea. C. gloeosporioides s.s., and C. nymphaeae are species from the C. gloeosporioides species complex and the C. acutatum species complex respectively, that have been previously reported to cause anthracnose in plums in Korea 3.9 . Colletotrichum fioriniae was first reported as a species of C. acutatum s.l., to have cause plum anthracnose in Korea. Phylogenetic analysis and morphological data including colony characters and conidial measurements were previously used to distinguish four Colletotrichum species 20, 21 . Morphological characteristics of C. siamense and C. gloeosporioides s.s., including colony characters, conidial measurements, and appressoria measurements overlapped with those of other species in C. gloeosporioides s.l. Identifying Colletotrichum species within C. gloeosporioides s.l., based on morphological characteristics is uncertain because of: (1) overlapping morphological characteristics among the species 20 and (2) slight morphological differences that can be due to different growing conditions, temperature, light regime, and geographic isolates 20 . Multilocus (ITS, TUB2, GAPDH, ACT, CAL, and CHS) phylogeny analysis clearly showed that the present isolates, C. siamense and C. gloeosporioides s.s., clustered in a distinct phylogenetic clade with in C. gloeosporioides s.l., with a high posterior probability value (0.92) (Fig. 2) . C. siamense isolates were further confirmed via both phylogenetic analysis and BLAST search using ApMat sequence data. ApMat is a potentially powerful www.nature.com/scientificreports www.nature.com/scientificreports/ gene disentangling both C. gloeosporioides s.l., and C. siamense complexes 22, 24 . Colletotrichum siamense was previously considered as a species complex, but recent studies have shown C. siamense to be a single species based on molecular analyses using GCPSR as well as coalescent methods General Mixed Yule Coalescent and Poisson Tree Processes 23, 24, 28 . The PHI test result in the present study also found significant recombination among C. siamense species of different geographic origins. Colletotrichum siamense has been associated with anthracnose in various commercial crops 17, 20, 24 . To the best of our knowledge, this is the first report of anthracnose of plums caused C. siamense in Korea.
C. gloeosporioides s.s., is the most frequently reported plant pathogen causing anthracnose in a variety of hosts in Korea 6,30-33 . However, this is only the second report on plum anthracnose caused by C. gloeosporioides s.s. in Korea. It was previously identified based on morphological characteristics and the ITS sequence analysis, whereas here we identified it using multilogue phylogenetic analysis, which was supported by morphological characteristics evaluations. Colletotrichum fioriniae can be easily identified by the colony pigment on PDA, which is pink cottony with gray aerial mycelium in compact tufts from above and pink with flecking in reverse 35 . Colletotrichum fioriniae was previously reported as the causative agent of anthracnose on a variety of hosts 6, 14, 34 . To our knowledge, this is the first report of C. fioriniae causing anthracnose of plums in South Korea. Colletotrichum nymphaeae is reported as the causal agent of plum anthracnose for the second time here 9 .
The pathogenicity tests showed that the four species of Colletotrichum evaluated in this study are pathogenic to plum fruits and could be differentiated by the degree of virulence and lesion size in inoculated fruits. All Colletotrichum isolates tested caused anthracnose on wounded fruit, whereas only C. siamense, C. nymphaeae and C. fioriniae isolates were able to infect unwounded fruits. C. siamense isolates produced larger lesions on plum fruits followed by C. gloeosporioides s.s., C. nymphaeae and C. fioriniae. Koch's postulates were fulfilled by re-isolating the fungus from the lesions of inoculated fruits and reidentifying them at the species level using morphological and multi-locus sequences approaches.
In conclusion, this study identified 2 species within C. gloeosporioides s.l., and 2 species within the C. acutatum complex. This investigation included only one area (Sangju) of Korea, which highlights the importance of further research on Colletotrichum strains isolated from different Korean regions to mitigate the risk to the plum fruit industry in Korea. 
Material and Methods
Sample collection and isolation. Japanese plum fruits with visible anthracnose were collected in 2017 from different commercial orchards in Sangju Korea. The fruits were characterized by sunken, round, and brown necrotic lesions. Three diseased fruits were selected from each orchard for the isolation causal agents, and fruits were washed with distilled water. Causal agents were isolated from necrotic tissue of diseased fruits as follows. Small pieces (2 mm 2 ) of necrotic tissue were removed aseptically with a scalpel, disinfected with a 1% NaOCl solution (w/v) for 1 min followed by three washes in sterile distilled water. After drying by blotting, the disinfected tissues were placed on water agar (WA) petri plates supplemented with streptomycin (0.05 g/L) and incubated at 25 °C in the dark. Newly emerging hyphae from the tissue were transferred onto fresh potato dextrose agar (PDA) petri plates and incubated at 25 °C in the dark. Pure fungal cultures were obtained using the single spore isolation technique from 7-day PDA cultures 18 . Conidial suspensions were prepared in sterile distilled water. The concentration of each conidial suspension was determined by using a hemocytometer. Then, the conidial suspensions (~10 4 conidia/ml) were made from the concentrated suspensions. Conidial suspensions were then sprayed on to PDA plates and incubated in the dark at 25 °C. Single germinating spores were collected with a sterilized needle after overnight incubation and placed on fresh PDA plates and incubated in the dark at 25 °C. Seven-day-old cultures were grouped based on culture morphology and conidial shape.
DNA extraction, PCR amplification, and sequencing. Fungal mycelia were acquired with a sterile scalpel from 4-day-old cultures of isolates grown on PDA, and total genomic DNA was extracted using a HiGeneTM Genomic DNA Prep Kit (Yuseong-Gu, Daejeon, Korea), following the manufacturer's instructions. For C. gloeosporioides s.l. isolates, seven targeted genes were selected for PCR amplification and sequencing: internal transcribed spacer regions and intervening 5.8S nrRNA gene (ITS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin (ACT), beta-tubulin (TUB2), calmodulin (CAL), chitin synthase (CHS-1) and the Apn2-Mat1-2 intergenic spacer and partial mating type (Mat1-2) gene (ApMat). For C. acutatum s.l. isolates, five targeted genes were selected for PCR amplification and sequencing: ITS, GAPDH, ACT, TUB2, and CHS-1. The primer sets used in this study are listed in Table 3 . The PCR amplifications were carried out in a simpli-Amp ™ thermal cycler (Thermo Fisher Scientific Inc). Each 25 μL PCR mixture consisted of 18.8 μL UV-sterilized ultra-filtered water, 2.5 µL 10x F-star Taq buffer, 0.5 µl dNTP Mix (each 10 mM), 1 µL forward primer (10 pmol), 1 µL reverse primer (10 pmol), 1 µL genomic DNA, and 0.2 µL F-star Taq DNA polymerase (BIOFACT, Korea). www.nature.com/scientificreports www.nature.com/scientificreports/ The PCR conditions were the same as the conditions applied for amplification of ITS using the universal primers ITS1F/ITS4, except for the annealing temperatures 20 . Locus-specific annealing temperatures are shown in Table 1 . Purification and sequencing of the PCR product were performed commercially at Macrogen, Inc. (Seoul, Korea). phylogenetic analysis. The accession numbers for all sequences were acquired after depositing the resulting consensus sequences in GenBank (accession numbers are listed in Table 4 ). The generated sequences from the present isolates and those retrieved from GenBank (Table 4 ) for each gene were aligned using the MUSCLE multiple sequence alignment programs of MEGA v. 6.0 36 . Manually edited (if necessary) multiple sequence alignments were constructed for each gene, all gaps were treated as missing data and concatenated with Mesquite v. 2.75 37 . The phylogenetic analyses were performed using concatenated aligned sequences of different gene combinations. Neighbor-joining (NJ), maximum likelihood (ML), and maximum parsimony (MP) phylogenetic analyses were performed using MEGA v. 6.0 36 . Bayesian inference (BI) phylogenetic analyses were performed with MrBayes v. 3.2.2 38 . GTR + I + gamma mode determined using MrModeltest v. 2.3 was utilized to construct the Bayesian phylogenetic tree 39 . MCMC analysis of four chains based on the full dataset was run in parallel from a random tree topology, the heat parameter was set at 0.15, and trees were sampled every 100 generations. The MCMC analysis was stopped when the average standard deviation of split frequencies reached 0.01 (stop value). The first 25% of the generations were set as burn-in after which the likelihood values remained stationary. Consensus BI phylogenetic trees were viewed in FigTree v 1.3.1 40 . For the preliminarily identification of Colletotrichum isolates belonging to C. gloeosporioides s.l. and C. acutatum s.l., both the ITS and TUB2 alignment sequences were used for phylogenetic analysis. The sequences of five genes (ITS, TUB2, GAPDH, CHS-1, and ACT) were used for the phylogenetic analysis of isolates belonging to the C. acutatum species complex. The sequences of six genes (ITS, TUB2, GAPDH, ACT, CAL, and CHS-1) were used to analyze isolates belonging to C. gloeosporioides s.l. ApMat sequences were used for proper identification of C. siamense isolates.
Genealogical concordance phylogenetic species recognition analysis. The Genealogical
Concordance Phylogenetic Species Recognition (GCPSR) model was used to analyze the phylogenetically related, Morphological characterization. All selected isolates were described based on culture morphology and growth rate, and conidia as well as appressoria shape and size. Cultures were grown on PDA using mycelial discs (5 mm diameter) from 5-day-old cultures at 25 °C under 16 h light/8 h dark conditions. Culture diameter was measured each day, and the appearance was evaluated after 7 days of growth. The daily growth rate was calculated based on measurement from six replicates. Conidial characteristics (size and shape) were determined using conidia taken from the conidial mass on the culture and mounted on glass slides in clear lactic acid; the length and wide of 50 conidia were measured for each isolate. For appressoria production, conidia mounted on glass slides in distilled water were placed in Petri dishes containing a moistened tissue and incubated at 25 °C under 16 h light/8 h dark conditions. After two days of incubation, appressoria that formed across the underside of the coverslip were measured; the size of 50 appressoria was measured for each isolate. Conidia and appressoria sizes were measured with a stage micrometer under an Olympus BX43 microscope (Olympus Corporation, Japan) at 400× magnification. pathogenicity tests. All eleven isolates were subjected to pathogenicity tests on Japanese plum. Mature detached Japanese plum fruits were collected from Sangju Emart and used for the pathogenicity assay. The collected plum fruits were washed with tap water and then disinfected for 3 minutes in 1% sodium hypochlorite, followed by washing with sterile distilled water three times. Disinfected fruits were placed in a plastic container and inoculated with conidial suspension of the respective isolates using both nonwounding and wounding methods. A 10 6 conidia/mL conidial suspension was made from 7-day-old cultures of each isolate, as described above. For the wounding method, fruits were wounded by pricking with a sterile needle and a 10 µL droplet of the conidial suspension was placed at the wounded point. For the non-wounding method, the conidial suspension was sprayed over the fruits surface until surface runoff was observed. Control fruits for both methods received distilled water. Ten fruits were used for each treatment. After inoculation the plastic containers were sealed and incubated at 25 °C in the dark under high humidity conditions in an incubator. After 5 days of incubation, anthracnose lesions were observed on fruits inoculated with fungal conidia. Control fruits remained symptom-free. The disease incidence (DI) was expressed as the percentage of infected fruits compared to the total number of inoculated fruits. A ruler was used to measure lesion diameters (LDs). Causal agents were isolated from infected fruits, cultured on a new PDA plate, and then identified according to the methods described above to confirm Koch's postulates.
Statistical analysis. MS Excel was used to calculate the average and standard deviation of each data sets.
Values for daily growth rate, conidia and appressor sizes, and lesion diameters expressed as the average ± standard deviation (av ± SD). 
